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(57) Abstract: The surface resistance of a titanium oxide film can be controDed in 10^ to 10^^ 0/ by coating a titanium oxide film on 
a substrate by sputtering a target containing metallic titanium under an atmosphere at reduced pressure and then subjecting the film 
to heat treatment under an oxidizing, inert or reducing atmosphere, depending on the oxygen-deficient state of the film. It is possible 
that a small amount of niobium oxide is contained in the titanium oxide, or a niobium oxide film is provided as an underlying film. 
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DESCRIPTION 

SUBSTRATE WITH PHOTOCHTALTTIC FILM AND 
METHOD FOR PRODUCING THE SAME 

Technical Field 
The present invention relates to a substrate on which 
a photocatalytic film having titanium oxide as a primary 
component is coated and a method for producing the same. 

pagkgrpmid Art 

Substrates (articles) on whose surface a photocatalytic 
film is coated are widely used in, for example, windowpanes 
of buildings requiring fouling resistance, antibacterial 
property, and the like, indicator panels of electronic 
displaying instruments, casings of portable equipment, 
sanitary installations, frames of medical facilities, 
apparatus in the field of biotechnology such as DNA analysis, 
and the like. The substrates on which a photocatalytic film 
containing titanium oxide as a primary component is coated 
are widely used in order to provide fouling resistance, 
antibacterial property, deodorizing function and the like to 
the such substrate surfaces. 

Such photocatalytic films are coated by sputtering 
processes, and it is known that crystalline titanium dioxide 
films are preferable as such films in order to increase the 
photocatalytic activity of the photocatalytic films and make 
the fouling resistance performance better. However, in 
order to coat on a substrate a titanium dioxide film having 
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good crystallinity, there is a problem of requiring heating 
the substrate to be coated at a temperature of 300°C or more 
(Japanese Patent Laid-open No. 10-152396). 

In addition, there are known photocatalytic films 
prepared by irradiating a metallic titanium target with 
electron beams in an oxidizing atmosphere to coat an amorphous 
titania (non-crystalline titanium oxide) film on a glass 
plate, followed by calcination it at a temperature of 400 to 
500°C or more to form rutile-typed titania crystal (Japanese 
Patent Laid-Open No. 10-146251) and processes for 
photocatalytic films of crystalline titanium dioxide 
prepared by coating a metallic titanium or titanium oxide film 
on a glass plate by sputtering, followed by calcination it 
(Japanese Patent Laid-open Nos. 10-278165 and 10-146251). 

However, coating a photocatalytic film on a substrate 
heated at high temperatures by a sputtering process that are, 
carried out in an atmosphere at reduced pressure causes 
releasing impurity gases such as moisture from the inner wall 
of the heated decompressing container (film- forming chamber 
container ) , and therefore has technical problems of being 
difficult in making reduced-pressure atmosphere good purity. 
In other words, in order to make reduced-pressure atmosphere 
good purity necessary to obtain a good photocatalytic 
activity, a vacuum exhausting system in a big way is required 
to sputtered-film-forming equipment, causing problems of 
increasing the cost of coating a photocatalytic film. 
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In addition, methods of crystallizing the above- 
mentioned amorphous titanium oxide and metallic titanium 
films in the air by heating and calcination have problems of 
poor productivity because of requiring calcination for a 
sufficient period of time at high temperatures (heat 
treatment) and expensive calcination equipment and 
elongating the heating cycle. Furthermore- there are 
problems of not obtaining readily photocatalytic films with 
good reproductivity . 

Digglpgurg pf thg invgntiQn 
A subject of the present invention is to solve the 
above-mentioned problems. A first purpose of the present 
invention is to provide a substrate on which a photocatalytic 
film having high photocatalytic activity is coated . A second 
purpose of the present invention is to provide a method 
capable of producing a substrate with such photocatalytic 
film without the need of heating at a high temperature in the 
film-coating step. 

The present invention have been achieved by finding 
that when a titanium oxide film coated on the surface of a 
substrate by a sputtering process which is amorphous or at 
a state where the cry s tall inity_has not sufficiently 
developed is heated and crystallized with controlling the 
oxygen-defect state of the film, it can be formed to a 
photocatalytic film containing titanium oxide as a primary 
component and having good photocatalytic activity. 
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An invention described in claim 1 is a substrate with 
photocatalytic film comprising a substrate and a 
photocatalytic film coated on the substrate, wherein said 
photocatalytic film is coated on said substrate by sputtering 
a target containing titanium in an atmosphere at reduced 
pressure, contains titanium oxide as a primary component, and 
has a surface resistance of 10' to 10" Q/D. 

The photocatalytic film having a titanium oxide film as 
a primary component according to the present invention is a 
crystalline titanium dioxide film containing anatase-typed 
crystal and characterized by a controlled oxygen-defect state 
of the f ilm. In the case that a titanium dioxide film contains 
an almost stoichiometric amount of titanium and oxygen, its 
surface resistance is at a level of 10^^ Q/D or more. By 
contrast, the photocatalytic film according to the present 
invention is formed to an oxygen-defect state, whereby the, 
surface resistance of the film can be controlled in the range 

of 10' .to 10" Q/n. 

Although the reason is not clear why the degree of the 
photocatalytic activity of a titanium oxide film depends on 
the oxygen-defect state of the titanium dioxide film, it is 
likely that the oxygen deficiency can be contributed to the 
energy level of the crystalline titanium oxide film. 

The relationship between the photocatalytic activity 
and the surface resistance of the titanium dioxide film 
indicates that when the surface resistance is more than 10" 
Q/n and the amount of oxygen deficiency is reduced, the 
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photocatalytic activity is decreased. By contrast, when the 

surface resistance is less than 10^ Q/D, that is, when the 
oxygen deficiency is present at a more amount than that 

indicated by 10' Q/D surface resistance (the oxygen in the 
titanium oxide film is reduced to a smaller amount than that 
corresponding to the stoichiometric amount of titanium 
dioxide) , the photocatalytic activity is reduced, if anything. 
The titanium oxide photocatalytic film according to the 
present invention has a surface resistance controlled within 

the range of 10' to 10" Q/D, and therefore has high 
photocatalytic activity. 

The photocatalytic film according to the present 
invention is coated on a substrate by a sputtering process. 
The film is coated by employing metallic titanium or a metal 
having metallic titanium as a primary component as a target, 
and sputtering it in reduced pressure atmosphere comprising - 
a mixed gas of an inert gas such as argon and oxygen or oxygen 
gas alojrie. The controlling of the oxygen deficiency of the 
titanium oxide film can be achieved by controlling the total 
pressure of the atmosphere gas and the partial pressure of 
oxygen during sputtering the target. 

Also, the photocatalytic film according to the present 
invention can be coated by employing, as a target, titanium 
dioxide that has the stoichiometric composition or is at a 
state where the oxygen is somewhat more defect than the 
stoichiometric amount (sometimes referred to as titanium 
suboxide), and sputtering it in reduced pressure atmosphere 
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comprising a mixed gas of an inert gas such as argon and oxygen 
or oxygen gas alone • The controlling of the oxygen deficiency 
in the titanium oxide film can be achieved by controlling the 
total pressure of the atmosphere gas and the partial pressure 
of oxygen during sputtering the target. 

According to an invention described in claim 2, in the 
invention described in claim 1, the surface resistance of the 
photocatalytic film is controlled so as to be within 10^ to 
10" Q/D by heat treatment after coating on the substrate. 

In the present invention, the surface resistance can be 
controlled such that the titanium dioxide film immediately 
after coating has the resistance range described above, and 
preferably is controlled in combination with the resistance 
controlling during coating and the resistance controlling by 
heat treatment after coating. This can result in the 
formation of a photocatalytic film having a higher surface- 
hardness . 

According to an invention described in claim 3 , in the 
invention described in claim 1 or 2, the heat treatment is 
carried out such that the contact angle of pure water on the 
surface of the photocatalytic film is 65^ or less . The degree 
of the photocatalytic activity and practical performance are 

af f ected„by. the hydrophilicity of the film surface^^ It is 

preferable that the heat treatment is carried out such that 
the surface resistance of the photocatalytic film is 
controlled in the above-mentioned range and the 
hydrophilicity of the photocatalytic film is reduced. From 
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this viewpoint, it is preferably that the contact angle of 

pure water on the surface of the photocatalytic film is 65"" 
or less. In the present invention/ the contact angle of pure 
water refers to a contact angle under the condition where the 
films are allowed to stand in a dark room for two weeks after 
the exposure of UV irradiation (the center wave-length of 360 
nm, 3 mW/cm^) for 30 min- 

According to an invention described in claim 4, in the 
invention described in any one of claims 1 to 3 , the 
photocatalytic film contains, as a by-component, any one of 
niobium oxide, aluminum oxide, iron oxide and nickel oxide « 
Incorporating these metals into the crystal lattice of 
titanium oxide can change the energy level of the crystal 
lattice, thereby resulting in the formation of a film having 
higher photocatalytic activity ^ 

According to an invention described in claim 5, in the, 
invention described in any one of claims 1 to 4, a niobium 
oxide film, aluminum oxide film, iron oxide film or nickel 
oxide film is interposed as an underlying film between the 
substrate and the photocatalytic film. For example, in the 
case that a niobium oxide film is the underlying film, a 
photocatalytic film obtained by laminating and coating a 
niobium oxide film and a titanium oxide film on the substrate 
and subsequently heat treating has the niobium diffused from 
the interface between the titanium oxide and niobium oxide 
films into the titanium oxide film, thereby resulting in 
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higher photocatalytic activity. According to an invention 
described in claim 6 , in the invention described in claim 5 , 
a niobium oxide film is preferable among these oxide films . 

Substrates to be employed in the present invention are 
not limited to specified materials and shapes. Any material 
can be used which does not deteriorate during coating a film 
by sputtering f and on optionally heating the substrate and 
on the heat treatment after coating. According to an 
invention described in claim 7, in the invention described 
in any one of claims 1 to 6, for example, substrates of glass, 
ceramic, resin or metal can be used. According to an 
invention described in claim 8, in the invention described 
in claim T, in particular, for glass plate containing alkali 
components such as soda lime silicate glass plate, the 
underlying film can prevent the decrease in the 
photocatalytic activity by diffusing the alkali components, 
of the glass into the titanium oxide photocatalytic film. 

An invention described in claim 9 is a method for 
producing a substrate with photocatalytic film, comprising 
the steps of coating a photocatalytic film containing 
titanium oxide as a primary component on a substrate by 
sputtering a target containing titanium in an atmosphere at 
reduced pressure, and subjecting the photocatalytic film 
after said coating to heat treatment. 

According to an invention described in claim 10, in the 
invention described in claim 9, for sputtering target used 
for sputtering in the present invention, sintered molded 
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articles of fine powder of metallic titanium or titanium 
dioxide can be utilized. In the case of employing metallic 
titanium as the target, it is possible to increase the 
photocatalytic activity to a higher extent by incorporating 
a small amount of niobium, iron, aluminum, nickel or the like 
and changing the energy level of the resulting titanium 
dioxide photocatalytic film. In the case of employing 
sintered articles of titanium oxide as the target, it is 
possible to use sintered articles of fine powder of titanium 
dioxide, sintered molded articles of fine powder of titanium 
suboxide (having a somewhat smaller 0/Ti ratio than that of 
titanium dioxide)* 

According to an invention described in claim 11, in the 
invention described in claim 9 or 10, an oxygen atmosphere, 
a mixed gas atmosphere of oxygen and an inert gas such as argon 
and the like can be employed as the atmosphere at reduce - 
pressure during coating the film. This is intended for the 
crystallization of the film coated on the substrate and the 
increase in the crystallinity of the film, and results in the 
controlling of the oxygen-defect state, as expressed by the 

surface resistance, in the range of 10' to 10" Q/D. 

According to an invention described in claim 12, in the 
invention described in claims 9 to 11, in the case that the 
surface resistance of the coated film is more than 10" Q/ 
□ , the heat treatment is carried out in an inert or reducing 
atmosphere. 
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For the films having a surface resistance after coating 
of more than 10^^ Q/D, the increase in the photocatalytic 
activity can be achieved by increasing the oxygen deficiency 
in the films . To this purpose, the atmosphere during the heat 
treatment is an inert or reducing atmosphere. 

According to an invention described in claim 13, in the 
invention described in claim 12, the inert atmosphere is 
exemplified by a nitrogen-gas atmosphere, and an inert-gas 
atmosphere such as argon, or a vacuumed space where the 
pressure is reduced to a sufficient degree. An atmosphere 
containing hydrogen gas can be employed as the reducing 
atmosphere. 

According to an invention described in claim 14, in the 
invention described in claim 12 or 13, the surface resistance 
of the photocatalytic film is decreased to a value of 10^ Q/ 

□ or more. 

According to an invention described in claim 15, in the 
invention described in claim 14, it is likely that the 
generation, increase of the oxygen deficiency in the film are 
effected by drawing the oxygen having unstable or weak linkage 
with titanium from the inside of the film to the outside. In 
order to increase the photocatalytic activity, it is 
_pxeferable that the surface resistance value of the film is 
decreased to 10' Q/U or more, and more preferable to 10" Q/ 

□ or more. 

According to an invention described in claim 16, in the 
invention described in claim 9, in the case that the surface 
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resistance of the photocatalytic film coated on by a 
sputtering process is less than 10^ Q/D, the heat treatment 
is carried out under an oxidizing atmosphere. 

The surface resistance of the film of less than 10' Q/ 

□ indicates that the film is rich in oxygen deficiency 
therein and has a small photocatalytic activity. In this case, 
the photocatalytic activity can be increased by decreasing 
the amount of the oxygen deficiency in the film, that is, by 
increasing a surface resistance value corresponding to the 
amount of the oxygen deficiency. The oxidizing atmosphere 
employed can be an atmosphere containing oxygen or ozone, and 
the heat treatment in the air is most preferable from an 
economical viewpoint. 

According to an invention described in claim 17, in the 
invention described in claim 16, the surface resistance value 
of the photocatalytic film is increased to 10" Q/D or less.. 

According to an invention described in claim 18, in the 
invention described in claim 17, it is preferable that the 
surface resistance value of the film is increased to 10' Q/ 

□ or more, and more preferable to 10" Q/D or more, in order 
that the oxygen deficiency in the film is disappeared and the 
photocatalytic activity is increased. 

According to an invention described in claim 19, in the 
invention described in claims 9 to 18, the heating temperature 
in the heat treatment step is from 200 to 350*^0. According 
to an invention described in claim 20, in the invention 
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described in claims 9 to 18 , it is preferable that the heating 

temperature is from 200 to 300''C. 

According to claims 19 and 20, it is possible to increase 
the degradation ratio of triolein of the photocatalytic film 
and the hydrophilicity of the film surface. 

According to an invention described in claim 21, in the 
invention described in claims 9 to 20, the sputtering target 
contains any one of niobium^ aluminum, iron and nickel as a 
by-component. It is possible to contain more than one by- 
component. 

According to an invention described in claim 22, in the 
invention described in claim 21, it is preferable that in the 
case that a target to be used is a metallic target, these metals 
are contained at 0 . 1 to 3 % by weight of the metallic titanium- 
The photocatalytic film obtained by sputtering such a 
metallic target in an oxygen-containing atmosphere has the 
oxygen-defect state that can be controlled by heat treatment 
in a similar way to as in the single composition of titanium 
oxide . 

An invention described in claim 23, in the invention 
described in claims 9 to 22, comprises the step of coating 
any one of niobium oxide film, aluminum oxide film, iron oxide 
film and nickel oxide film on the substrate by sputtering a 
target containing any one of niobium, aluminum, iron and 
nickel in an atmosphere at reduced pressure, before coating 
the photocatalytic film containing titanium oxide as a 
primary component. 
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For example, in the case of employing a niobium oxide 
film, a laminate of the niobium oxide and titanium oxide films 
laminated on the substrate has the niobium diffused into the 
titanium oxide film by the heat treatment, resulting in 
affecting the energy level of the photocatalytic film, and 
thus improving the photocatalytic activity. According to an 
invention described in claim 24, in the invention described 
in claims 9 to 23, it is preferable that the substrate 
temperature is less than 200*^C during coating the 
photocatalytic film on the substrate by sputtering* 

Brigf Pes<?ripi;j,Qn of the Prawings 
Figure 1 shows a cross-sectional view of one example of 

the substrate with photocatalytic film according to the 

present invention; 

Figure 2 shows a graph illustrating the relationship 

between the degradation ratio of triolein and the surface 

resistance of the titanium oxide photocatalytic film; 
Figure 3 shows a graph showing effects of the heat 

treatment temperature on the degradation ratio of triolein; 

and 

Figure 4 shows a graph showing effects of the heat 
treatment temperatur e on the contact angle of water on the 
photocatalytic film surface. 



Bgst Mode Qf Carrying Out the inventiQn 
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Embodiments of the present invention will be described 
as follows. Figure 1 shows a cross-sectional view of one 
example of the substrate with photocatalytic film according 
to the present invention, wherein the substrate with 
photocatalytic film 1 has a niobium oxide underlying film 4 
and a titanium oxide photocatalytic film 3 on the film A, the 
underlying and photocatalytic films being laminated and 
coated on the surface of a glass plate 2 . Figure 2 shows a 
graph illustrating the relationship between the 
photocatalytic activity and the surface resistance of the 
titanium oxide photocatalytic film. Figure 3 shows a graph 
illustrating effects of the heat treatment temperature on the 
photocatalytic activity. Figure 4 shows a graph 
illustrating effects of the heat treatment temperature on the 
photocatalytic film hydrophilicity . 

As a sputtered- film- forming equipment for coating the- 
photocatalytic film of the present invention on a substrate, 
known sputtered-f ilm-f orming equipment can be used which has 
a mechanism allowing argon and oxygen at a controlled flow 
rate to be introduced into the film forming chamber and the 
function of vacuuming the film forming chamber by the vacuum 
pump and of stably keeping an atmosphere at a given reduced 
pressure. 

For processes for generating glow discharge to sputter 
a target can be used known processes . That is, it is possible 
to use known processes such as direct current sputtering 
processes, high frequency sputtering processes, and PMS 
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(Pulse Magnetron Sputtering) process in which sputtering is 
carried out while applying the voltage to cathodes arranged 
side by side with alternately inverting the polarity of the 
applied voltage and removing charges charged on the target 
surface. 

The following describes the photocatalytic film 
according to the present invention with the relationship 
between the atmosphere gas composition of mixed gasses 
consisting of oxygen and argon and the oxygen deficiency in 
the resulting film when the total pressure of the atmosphere 
during sputtering, usually employed by the Pulse Magnetron 
Sputtering process, is set to 0.4 Pa. A film after coating 
which can be subjected to heat treatment under an oxidizing 
atmosphere to increase the photocatalytic activity is 
referred to "an oxygen-deficient film" hereinafter, in the 
sense that the oxygen defect is abundant. On the other hand, 
a film immediately after coating which can be subjected to 
reductive heat treatment under an inert or reducing 
atmosphere to increase the photocatalytic activity is to be 
referred to "an oxygen-rich film" hereinafter, since the 
oxygen defect is at a small amount, and the oxygen is contained 
to a relatively high extent, as opposed to the above-mentioned 
oxygen-deficient film. 

(1) In the case of employing titanium-metal-based 
targets 

For films immediately after coating, films having a 
various range of the oxygen content in the film are coated. 
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such as from a titanium oxide film having an almost 
stoichiometric composition to an oxygen-deficient film that 
is relatively rich in the oxygen defect, in order to carry 
out sputtering in a reactive manner with oxygen, it is 
preferable that the oxygen of the atmosphere usually is 
contained at 60 to 65 % by volume or more. The oxygen-rich 
film according to the present invention can be obtained under 
the atmosphere containing about 80 % or more oxygen. On the 
other hand, when the oxygen content is 70 to 75 % by volume 
or less, an oxygen-deficient film is formed, which in turn 
are subjected to oxidative heat treatment. The relationship 
between the oxygen-defect state of the film immediately after 
coating and the composition of the sputtering gas (oxygen 
content) is uniquely determined by no means, and depends on 
the total pressure during sputtering, the coating speed 
(coating rate) of the reactive coating, and the presence of. 
residual impurity gasses and other in the vacuum. 

(2) In the case of employing targets of titanium 
dioxide-based fine-powder sintered articles 

A compressed target is applied to, for example, heat 
treatment at a temperature of 1300'c or more under an inert 
atmosphere, resulting in the formation of a conductive 
titanium suboxide target, which becomes capable of sputtering 
by direct current glow discharge. In the case that a titanium 
oxide-base sintered target is used which is treated to such 
an extent that such a direct current sputtering is possible, 
a titanium dioxide film close to an almost stoichiometric 
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composition is coated on a substrate. In this case, the 
oxygen of the atmosphere gas can be usually supplied as a minor 
component • 

A film coated under the sputtering atmosphere having an 
oxygen content of 30 to 40 % by volume is already an oxygen-rich 
films, which can have an increased photocatalytic activity 
by heat treating under an inert or reducing atmosphere after 
coating. By contrast, in the case of the oxygen being 4 to. 
5 % by volume or less, the resulting film is an oxygen- 
deficient film, which can be formed into a film having good 
photocatalytic activity by oxidative heat treatment. The 
percent oxygen content of this atmosphere and the oxygen- 
defect state of the resulting film are uniquely determined 
by no means, because of depending on the coating rate and the 
total pressure, and in addition the amount of impurity gasses . 

The substrate temperature during coating the 
photocatalytic film of the present invention on the substrate 
by sputtering is preferably less than 200*^0 at which its 
crystallization does not take place to a great extent during 
coating. Usually, it is preferable to carry out at not more 
than 1 50*^0 or at room temperature (the substrate is not 
heated ) . 

The crystallization and controlling of the resistance 
of the coated films are carried out in the heat treatment step 
of the present invention. In order to carry out the 
crystallization and controlling of the resistance such that 
the photocatalytic activity is effectively increased, the 
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heating temperature is preferably ISC'C or more. For the 
photocatalytic film coated by a sputtering process, this can 
result in the increase in the crystallization and the 
controlling of a predetermined surface resistance for a short 
period. The temperature is preferably 200^*0 or more, also 
from the viewpoint of increasing the hydrophilicity of the 
photocatalytic film surface. As pieced together from these 
viewpoints, the heat treatment temperature is preferably 
200''C or more. 

At the heat treatment temperature of more than 400*^0, 
further crystallization of the photocatalytic film takes 
place, but changes such as unusual crystal growth, and 
diffusion and segregation of dopants are brought about in the 
catalyst film, thus leading to the decrease in the 
photocatalytic activity, if anything. Therefore, the heat 
treatment temperature is preferably 350''C or less, and more 

preferably 300^*0 or less. 

Ppr atmospheres during the heat treatment, an oxygen 
containing atmosphere, for example, air and an ozone 
containing atmosphere, can be used when oxidative 
crystallization is carried out to increase the surface 
resistance. On the other hand, in order that non-oxidative 
crystallization is carried out and the surface resistance is 
controlled at an approximately same value or otherwise 
decreased, an atmosphere containing an inert gas such as 
nitrogen, argon, helium, neon, and a reducing atmosphere 
containing hydrogen (for example, a mixed gas of nitrogen and 
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hydrogen, a hydrogen gas containing 5 to 50 % by volume carbon 
monoxide, and others) can be used. In addition, as an 
atmosphere having the same effect as an inert atmosphere, an 
atmosphere at reduced pressure (vacuumed atmosphere) can be 
also used. In this case, there are advantages of allowing 
the photocatalytic film coated on a substrate by a sputtering 
process to be subjected to the heat treatment, as it is, 
without discontinuation under the vacuumed atmosphere in the 
sputtering apparatus. 

The present invention will be described in detail by 
means of Examples and Comparative Examples as follows. The 
methods of coating a photocatalytic film and of heat treatment 
are set forth as follows. 
(Sputtering and Coating Conditions) 

A. Substrate 

Float glass plates having 2 mm thickness and composed > 
of soda lime silicate. 

B. Coating of a Titanium Dioxide Film 
1 ) Target 

(1) Metallic titanium, 99.99 %, (referred to as Ti). 

(2) Metallic titanium containing 0.5 % by weight of 
metallic niobium (referred to as TiNb). 

(3) Metallic titanium containing 0.5 % by weight of 
metallic aluminum (referred to as TiAl). 

(4) Metallic titanium containing 0.3 % by weight of 
metallic iron (referred to as TiFe). 
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(5) Metallic titanium containing 0.3 % by weight of 
metallic nickel (referred to as TiNi). 

(6) An article obtained by compressing titanium dioxide 
fine powder in the air and heat treating under a nitrogen 
atmosphere to form a state that is somewhat more deficient 
in oxygen than the stoichiometric composition of titanium 
dioxide (referred to as Tio, in Table)* 

(7) A molded and processed article obtained by a similar 
treatment (6 ) of mixed powders of 99 % by weight of titanium 
dioxide (TiOj) fine powder and 1 % by weight of niobium oxide 
(NbjOs) fine powder (referred to as TiNbOy in Table). 

2) Glow discharge: direct current sputtering 

3) Atmosphere during sputtering 

The total pressure was adjusted to 0.4 Pa, and the 
atmosphere during sputtering was argon, oxygen, or a mixed 
gas of argon and oxygen. 

4) Substrate temperature during sputtering 

Room temperature (without heating). 
C. Coating of an Underlying Film of Niobium Oxide 

1) Metallic niobium target: metallic niobium, 99.99% 
(referred to as Nb in Table). 

2) Glow discharge: direct current sputtering. 

3) Atmosphere during sputtering 

The total pressure was adjusted to 0.4 Pa, and the 
atmosphere during sputtering was 100 % oxygen. 

4) Substrate temperature during sputtering 
Room temperature (without heating). 
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D. Heat Treatment 

The furnace used in the heat treatment is an electric 
furnace capable of vacuuming down to 0.4 Pa or less and 
allowing an atmosphere gas to enter the furnace through the 
inlet port to atmospheric pressure. The atmosphere gas was 
introduced into the furnace and substituted for the previous 
atmosphere for more than five minutes, and the atmosphere 
within the furnace was heated at a rate of rising temperature 
of 10**C/min- while further flowing the atmosphere gas into 
the furnace/ so that the furnace was filled with the 
atmosphere at a predetermined heat treatment temperature, and 
then maintained for one hour. After that, the furnace was 
cooled gradually to room temperature with flowing the 
atmosphere gas . An oxidizing atmosphere ( surface resistance 
increasing treatment) employed air, an inert atmosphere 
(surface resistance decreasing treatment ) employed nitrogen,, 
and an reducing atmosphere (surface resistance decreasing 
treatment) employed a mixed gas of 75 % by volume of nitrogen 
and 25 % by volume of hydrogen. 
(Evaluation of Photocatalytic Films) 

A. Photocatalytic Activity 

Triolein was coated on the surface of the films so as 
to be at 0 . 1 mg/cm^ , and irradiated with ultra violet radiation 
at a power of 3 mw/cm^ for 46 hours. The degradation ratio 
of the coated triolein was calculated from weight 
measurements of the coated and remaining amounts. 

B. Surface Resistance 
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In accordance with the JIS method (C2141). 

C. Hydrophilicity 

The photocatalytic films were irradiated with UV (the 
central wavelength: 360 nm, 3 mW/cm^) for 30 min. and the 
contact angle of pure water on the surface under the condition 
was measured where the film were allowed to stand in a dark 
room for two weeks. 

D. Crystallinity of the Films 

Determination was carried out on a Rigaku Denki X-ray 
diffractometer. 

Example 1 

A sample was obtained by employing a sintered molded 
article of titanium suboxide as the target and coating a 
photocatalytic film having a thickness of 500 nm with a gas 
composition of 50 % by volume of oxygen and 50 % by volume, 
of argon. The surface resistance of the resulting 
photocatalytic film was shown to have a high surface 
resistance of 1 x 10" Q/D (Table 1) . When this film was heat 
treated under the inert atmosphere, the surface resistance 
was decreased to 1 x 10" Q/D. It is likely that this decrease 
in the resistance (increase in the conductivity) is due to 
increasing electrons contributing to the conductivity by 
drawing the oxygen from the coated film and increasing the 
oxygen defect in the crystal of the titanium dioxide f ilm, 
and due to increasing their mobility by the acceleration of 
the crystallization of the film. By measuring 
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photocatalytic activity, the degradation ratio of triolein 
was 47 %, which is a practically useful value for imparting 
fouling resistance and antibacterial property. 

Example 2 

Sample 2 was prepared in a similar way as in Example 1, 
except that the atmosphere during the heat treatment was 
changed to the reducing atmosphere . A similar heat treatment 
of this photocatalytic film as in Example 1 resulted in 

decreasing the surface resistance to 1 x 10" Q/D, and the 
degradation ratio of triolein had a good value of 63 %• 

Example 3 

A photocatalytic film was coated on a glass plate in a 
similar way as in Example 1, except that metallic titanium 
was employed as a target and the atmosphere during sputtering 
was 90 % by volume of oxygen. The surface resistance 

immediately after coating was 1 x 10" Q/D, whereas the heat 
treatment under the inert atmosphere decreased the surface 

resistance to 5 x 10" Q/D. The degradation ratio of this 
photocatalytic film had a high value of 53 %. 

Excuaple 4 

A photocatalytic film was coated on a glass plate in a 
similar way as in Example 3, except that the oxygen of the 
atmosphere during sputtering was 70 % by volume. The surface 
resistance immediately after coating was 2 x 10' Q/D> and 
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it was estimated that this film is a film rich in oxygen defect . 
The heat treatment of this film under the oxidizing atmosphere 

increased the surface resistance to 5 x 10^^ Q/U, which means 
that the amount of the oxygen defect was decreased. The 
degradation ratio of triolein of this photocatalytic film had 
a high value of 60 %. 

Example 5 

A photocatalytic film was coated on a glass plate in a 
similar way as in Example 1, except that the oxygen of the 
atmosphere during sputtering was 4 % by volume and the heat 
treatment was carried out under the oxidizing atmosphere. 

This film had a small surface resistance of 5 x 10^ Q/D and 
was found to be a film having a large amount of the oxygen 
defect. When the oxidative crystallization of this film was 
carried out under the oxidizing atmosphere/ the surface - 
resistance was increased by approximately three orders, to 
4 X 10" Q/n. By measuring the photocatalytic activity of 
this film, the degradation ratio of triolein was 60 %. 
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Example 6 

A sample in which a photocatalytic film was coated on 
a glass plate in a similar way as in Example 3 was produced, 
except that the oxygen content of the atmosphere during 
sputtering was changed. The photocatalytic film of this 
sample had a surface resistance of 1 x 10^^ Q/D and a high 
degradation ratio of triolein of 57 % for the film immediately 
after coating. When_this photocatalytic film was_ heat 
treated under the inert gas atmosphere, the surface 
resistance was decreased by approximately two orders, to 1 
X 10^- Q/n, but had an approximately same photocatalytic 
activity of 55 %. From these results, it has been found that 
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even if the heat treatment is not applied ^ the controlling 
of the surface resistance of the titanium oxide film could 
produce a film having good photocatalytic activity. 

Example 7 

A sample in which a photocatalytic film was coated on 
a glass plate as in a similar way as in Example 5 was produced, 
except that the oxygen content of the atmosphere during 
sputtering was changed. Evaluation results of the 
photocatalytic film of this sample are shown in Table !• 

Example 8 

A sample in which a photocatalytic film was coated on 
a glass plate as in a similar way as in Example 1 was produced, 
except that the oxygen content was changed during sputtering • 
Evaluation results of the photocatalytic film of this sample 
are shown in Table 1. 

Example 9 

A titanium oxide film having a thickness of 500 nm was 
coated on a glass plate by employing metallic titanium as the 
target and 95 % by volume of oxygen as the atmosphere gas during 
sputtering. A photocatalytic film of this sample was 
obtained by heat treating this film under the reducing 
atmosphere. The surface resistance of the film immediately 
after coating was 4 x 10" Q/D, whereas the heat treatment 
under the reducing atmosphere resulted in the decrease to 3 
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X 10" Q/D by approximately three orders. This 
photocatalytic film had a high degradation ratio of 65 %. 

Comparative Example 1 (Corresponding to Example 3) 

A photocatalytic film was coated on a glass plate in the 
conditions shown in Table 1. The surface resistance of this 
film was 7 x 10' Q/D* When this film was heat treated under 
the reducing atmosphere, the surface resistance was decreased 
by approximately one order, to 5 x 10^ Q/O, and a film having 
an extremely abundant amount of the oxygen defect was formed. 
This film had a small degradation ratio of triolein of 5%, 
and was found to have practically poor usefulness. 

Comparative Example 2 (Corresponding to Example 4) 

A photocatalytic film was coated on a glass plate in the 
conditions shown in Table 1. The surface resistance of this, 
film was 1 x lO" Q/D. When this film was heat treated under 
the oxidizing atmosphere, the surface resistance was 
increased by approximately one order, to 1x10" Q/D and the 
amount of the oxygen defect was decreased. The degradation 
ratio of triolein of this film was decreased to 20 %. 

Comparative Example 3 (Corresponding to Example 5) 

A photocatalytic film was coated on a glass plate in the 
conditions shown in Table 1. The surface resistance, of this 
film was 1 x 10^* Q/D. When this film was heat treated under 
the oxidizing atmosphere, the surface resistance was 
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increased by one order, to 1 x 10" Q/D and a film having a 
smaller amount of the oxygen defect was formed, compared with 
the sample of Comparative Example 2. This film had a much 
smaller degradation ratio of triolein of 5 %/ than that of 
the sample of Comparative Example 2. 

Comparative Example 4 (Corresponding to Example 1) 

A photocatalytic film was coated on a glass plate in the 
conditions shown in Table 1. The surface resistance of this 
film was 5 x 10' Q/D. When this film was heat treated under 
the inert atmosphere, the surface resistance was decreased 

to 4 X lO^Q/D, which is approximately one order smaller than 
before the heat treatment. This sample was a sample having 
a larger amount of the oxygen defect, compared with the sample 
of Example 2 . This film had an extremely small degradation 
ratio of triolein of 1 to 3 %. 

Comparative Example 5 (Corresponding to Example 1) 

A photocatalytic film was coated on a glass plate in a 
similar way as in Example 7. The surface resistance of this 
film was 3 x 10" Q/D. When this film was heat treated under 
the inert atmosphere, the surface resistance was decreased 
to 3 x 10® Q/D, which was smaller than before the heat 
treatment. This sample had a film having a larger amount of 
the oxygen defect, compared with the sample of Example 7. 
This film has a degradation ratio of triolein of 30 %. 
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Comparative Example 6 (without heat treatment) 

A titanium oxide film was coated on a glass plate by 
employing metallic titanium as the target and 100 % oxygen 
as the atmosphere during sputtering. This film has a 
degradation ratio of triolein of 5 and was found to have 
little photocatalytic activity. 

Since photocatalytic films shown in^Table 1 were coated 
at room temperature, each of them had such a degree that little 
or weak diffraction peaks by the crystal were observed, 
whereas the heat treatment resulted in observed diffraction 
peaks by the crystal, from X-ray diffraction analysis. That 
is , it has been found that the heat treatment can bring about ^ 
crystallization. 

Figure 2 is a plot wherein the surface resistance of the 
films after the heat treatment is plotted on the abscissa axis 
and the degradation ratio of triolein on the ordinate axis, 
for samples obtained in Table 1 . it has been found from Figure 
2 that the degradation ratio of triolein can be increased by 
controlling the oxygen-defect state of the titanium oxide 
film such that the surface resistance value of the 
photocatalytic film is 1 x 10' Q/D to 1 x 10" Q/D, and more 
preferably 1 x 10" Q/Dto 1 x 10'' Q/D. 

Example 10 (Photocatalytic Activity and Heat Treatment 
Temperatures ) 

For titanium oxide films coated on a glass plate at room 
temperature in a similar way as in Example 4, effects on the 
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degradation ratio of triolein of temperatures and times of 
the heat treatment in the air were examined • The temperatures 
were at eight levels of lOO^C, 150^C, 200*^0, 250°C, 300*^0, 350^C, 
iOQ^'C, and 450*^0 ^ with two levels of 1 hour and 3 hours at 
each temperature. The results are shown in Figure 3. 

From Figure 3, the degradation ratio of triolein had a 

maximum at a temperature of about ZSC^C for both treating 
periods. In addition, the degradation ratio of triolein was 
increased in the temperature range of ISC'C to 300**C for both 
treating periods. For the heat treatment at temperatures of 

45G*C or higher, however, it has been found that the 
degradation ratio of triolein was decreased, if anything, to 
such a degree that the values were almost the same as those 
before heating. It is believed that enough oxidation takes 
place due to high temperatures , resulting in the oxygen defect 
exceeding an appropriate range. By contrast, when the heat, 
treatment is carried out at 150 to 350''C, the crystallization 
can be achieved without decreasing the oxygen defect in the 
titanium oxide film. 

Example 11 (Hydrophilicity and Heat treatment Temperatures) 
For titanium oxide films coated on a glass plate at room 
temperature in the same way as in Example 4 , effects of heating 
temperatures on the contact angle of pure water on the surface 
of the photocatalytic films were determined when the heat 
treatment was carried out under the air and the nitrogen 
atmosphere for one hour, respectively.. Results are shown in 
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Figure 4, in which the heat treatment tCTiperatures were at 
four levels of 150^C, 250^C, 350°C, and 450'C. 

The contact angle of water on the surface of the 

photocatalytic film before the heat treatment was 78'', When 
the heat treatment was carried out under the air^ at heat 

treating temperatures of up to 150^*0, with the increasing 
temperature, the contact angle of water was monotonously 

decreased to 63** and the hydrophilicity was increased. When 
the heat treating temperature was further increased up to 

350°C, the contact angle was not decreased to a great extent 
and the hydrophilicity was not improved. At temperatures of 

more than 350''C, the hydrophilicity was slightly increased 
(the contact angle was decreased) . On the other hand, in the 
case of the nitrogen atmosphere, the hydrophilicity was 
monotonously increased as the heat treatment temperature was 
increased. As understood from Figures 3 and 4, it is 
preferable that the heat treatment temperature is in the range 
of 200**C to 350*^0 in order to increase the photocatalytic 
activity and effectively the hydrophilicity. 

Examples 12 and 13 (Experiments of adding niobium oxide 
impurity) 

A photocatalytic film containing titanium oxide as a 
primary component was coated on a glass plate and heat treated 
under the conditions shown in Table 2 employing, a sintered 
molded article of mixed powders of titanium oxide and niobium 
oxide as the target . Results are shown in Table 2 . From Table 
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2, it is recognized that the degradation ratio of triolein 
can be further increased by incorporating niobium oxide into 
titanium oxide. 

Examples 14 to 16 (Experiments of adding other metal oxide 
impurity ) 

A film containing titanium oxide as a primary component 
was coated on a glass plate under the same atmosphere during 
sputtering as in Example 4 , employing three metallic targets, 
in which either aluminum, iron or nickel was added to metallic 
titanium. Table 2 shows results obtained by evaluating the 
photocatalytic films of the samples that were prepared by heat 
treating the coated films under the same oxidizing atmosphere 
as in Example 4. From these results, it has been found that 
when aluminum, iron or nickel is contained in the titanium 
oxide film as minor impurity, the photocatalytic activity can 
be slightly increased. 
[Table 2] 
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Example 17 (Experiments on laminated structures) 
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An underlying film of niobium oxide was coated on a glass 
plate so as to be 10 nm in thick. After that, a titanium oxide 
film with a thickness of 250 nm was coated on the niobium oxide 
film by employing metallic titanium as the target and reactive 
sputtering under the atmosphere of 90 % by volume of oxygen, 
as in Example 3. The photocatalytic film having this 
laminated structure was heat treated under the air atmosphere 
at 250''C for 1 hour. The resulting photocatalytic film had 
a degradation ratio of triolein of 65 %, which is higher than 
that of Example 3, as indicated in Table 3. 
[Table 3] 
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Example 18 

For films having the laminated structure coated on a 
glass plate in Example 17, effects on the photocatalytic 
activity of the heating temperature of the heat treatment 
under the inert atmosphere were examined. In the case that 
the treating time was one hour and th e tem peratures were lOO'^C, 
200°C, 300*'C, and 450°C, results are shown in Table 4, as 
Samples 18A, IBB, 18C, 18 D and 18E, along with the results 
of the sample of Example 17 for comparison. The results of 
Table 4 indicate that the degradation ratio of triolein can 
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be slightly increased by employing the laminated structure 
of niobium oxide and titanium oxide films. Although this 
reason is not clear ^ it is believed that the niobium diffused 
and entered from the interface of the titanium oxide film by 
the heat treatment took an optimal coordination state in the 
crystal of titanium dioxide • 
[Table 41 
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From the explanation described above, it is clear that 
the surface resistance of the titanium oxide film is 
associated with the oxygen-defect state and the crystallinity , 
which significantly contribute to its photocatalytic 
activity. It is believed that incorporation of added 
impurity into the crystalline film of titanium oxide can 
change its energy level (band structure) , thereby leading to 
increasing its photocatalytic activity. 
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Inc^^5tria3^ Applig^bility 
The photocatalytic film of titanium oxide coated on a 
substrate by a sputtering process according to the present 
invention has a surface resistance controlled in the range 

of 10^ to 10^^ Q/n, and therefore high photocatalytic 
activity. 

In addition^ it is possible to increase the surface 
hardness of the film by carrying out the controlling of the 
surface resistance by the crystallization of the film 
associated with the heat treatment. 

Furthermore, it is possible to increase the 
photocatalytic activity by adding a small amount of impurity 
to the titanium oxide photocatalytic film. Also, it is 
possible to increase the photocatalytic activity by coating 
an underlying film of the titanium oxide photocatalytic film. 

The method of the present invention comprises the steps, 
of coating a photocatalytic film having titanium oxide as a 
primary component on a substrate by a sputtering process, and 
subjecting the film to heat treatment after coating. 
According to the method of the present invention, the film 
obtained by the coating step can have its surface resistance 
controlled in a pre-determined range, so that the oxygen- 
defect state in the film can be controlled and a substrate 
with photocatalytic film having high photocatalytic 
activity can be produced with good reproductivity . 

In addition, since a photocatalytic film can be coated 
without heating a substrate, it is unnecessary to provide 
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sputtered- film- forming equipment with large heating and 
vacuum mechanisms, and coating can be carried out 
economically. 
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1. A substrate with photocatalytic film comprising a 
substrate and a photocatalytic film coated on the substrate^ 
wherein said photocatalytic film is coated on said substrate 
by sputtering a target containing titanium in an atmosphere 
at reduced pressure, contains titanium oxide as a primary 
component, and has a surface resistance of 10' to 10" Q/ 

2. The substrate with photocatalytic film according to 
claim 1, wherein the surface resistance of the photocatalytic 
film is controlled by heat treatment after coating on the 
substrate. 

3. The substrate with photocatalytic film according to , 
claim 2 , wherein the heat treatment is carried out such that 
the contact angle of pure water on the surface of the 
photocatalytic film is 65° or less- 

4 . The substrate with photocatalytic film according to any 
one of claims 1 to 3, wherein the photocatalytic film 
contains, as a by-component, any one of niobium oxide, 
aluminum oxide, iron oxide, and nickel oxide. 

5 . The substrate with photocatalytic film according to any 
one of claims 1 to 4 , wherein any one of niobium oxide, aluminum 
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oxide film, iron oxide film and nickel oxide film is provided 
as an underlying film between the substrate and the 
photocatalytic film, 

6. The substrate with photocatalytic film according to 
claim 5, wherein the underlying film is a niobium oxide film. 

7. The substrate with photocatalytic film according to any 
one of claims 1 to 6, wherein the substrate is selected from 
glass, ceramic, resin and metal. 

8. The substrate with photocatalytic film according to 
claim 7, wherein the substrate is glass containing alkali 
component • 

9. A method for producing a substrate with photocatalytic. 
film, comprising the steps of coating a photocatalytic film 
containing titanium oxide as a primary component on a 
substrate by sputtering a target containing titanium in an 
atmosphere at reduced pressure, and subjecting the 
photocatalytic film after said coating to heat treatment. 

10 • The method for produci ng a su bstrate with photocatalytic 
film according to claim 9, wherein the target is a sintered 
molded article of fine powder of metallic titanium, titanium 
dioxide, or titanium suboxide. 
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11 . The method for producing a substrate with photocatalytic 
film according to claim 9 or 10, wherein the atmosphere at 
reduced pressure is an oxygen atmosphere or a mixed atmosphere 
of oxygen and an inert gas such as argon. 

12 . The method for producing a substrate with photocatalytic 
film according to any one of claims 9 to 11, wherein in the 
case that the surface resistance of the photocatalytic film 
after said coating is more than 10" Q/D, the heat treatment 
is carried out in an inert or reducing atmosphere. 

13 . The method for producing a substrate with photocatalytic 
film according to claim 12, wherein the inert atmosphere is 
a nitrogen-gas atmosphere, an inert atmosphere such as argon, 
or a vacuumed atmosphere and the reducing atmosphere is an 
atmosphere containing hydrogen gas. 

14 . The method for producing a substrate with photocatalytic 
film according to claim 12 or 13, wherein the heat treatment 
is carried out to control the surface resistance such that 
the surface resistance of the photocatalytic film is reduced 
to a value of 10* Q/D or more. 



15 . The method for producing a substrate with photocatalytic 
film according to claim 14, wherein the heat treatment is 
carried out to control the surface resistance such that the 
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surface resistance of the photocatalytic film is reduced to 
a value of 10'° Q/D or more. 

16 . The method for producing a substrate with photocatalytic 
film according to claim 9 , wherein in the case that the surface 
resistance of the photocatalytic film after said coating is 
less than 10* Q/D, the heat treatment is carried out in an 
oxidizing atmosphere. 

17 . The method for producing a substrate with photocatalytic 
film according to claim 16, wherein the heat treatment is 
carried out to control the surface resistance such that the 
surface resistance of the photocatalytic film is increased 
to a value of 10" Q/0 or less. 

18 . The method for producing a substrate with photocatalytic 
film according to claim 17, wherein the heat treatment is 
carried out to control the surface resistance such that the 
surface resistance of the photocatalytic film is increased 
to a value of 10" Q/D or more. 

19 . The method for producing a substrate with photocatalytic 
film according to any one of claims 9 to 18 , wherein the heating 
temperature in the heat treatment step is from 200 to 350^*0 . 
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20 . The method for producing a substrate with photocatalytic 
film according to any one of claims 9 to 18 , wherein the heating 
temperature in the heat treatment step is from 200 to aoo'C. 

21 . The method for producing a substrate with photocatalytic 
film according to any one of claims 9 to 20 , wherein the target 
containing titanium contains at least one of niobium, 
aluminum, iron and nickel as a by-component. 

22 . The method for producing a substrate with photocatalytic 
film according to claim 21, wherein a by-component is 
contained at 0 . 1 to 3 % by weight of the metallic titanium. 

23 . The method for producing a substrate with photocatalytic 
film according to any one of claims 9 to 22, further comprises 
the step of coating any one of niobium oxide film, aluminum, 
oxide film, iron oxide film and nickel oxide film on the 
substrate by sputtering a target containing any one of niobium, 
aluminum, iron and nickel in an atmosphere at reduced pressure 
before coating the photocatalytic film. 

24 . The method for producing a substrate with photocatalytic 
film according to any one of claims 9 to 23, wherein the 
substrate temperature is less than 200°C during coating the 
photocatalytic film on the substrate by sputtering- 
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